PoF pooling concept
As the power requirements of small-cell RHH of next generation cellular systems become lighter thanks to technologies like Radio-overFiber (RoF), the prospects to make possible cellular networks remotely fed by optical fiber are becoming a reality. One of the challenges for PoFsupported 5G systems is to make them scalable to hundreds or thousands of small cells by using a single power supply location, either at the Central Office (CO) or the closest Macro-cell Base Station (MBS). Even though local power units on each base station are no longer needed, achieving high savings, the amount of costly HPLDs (High-Power Laser Diodes) required to feed all the cells may hamper many initiatives until PoF becomes mainstream. Furthermore, a static allocation of fibers for remote powering may hinder flexible resource allocation in the access network. In this paper we present the concept of PoF pooling and PoF switching to address this problem, allowing a selective use of a fiber core for power, data transfer or both. The concept of PoF pooling is sketched in Fig. 1 . The infrastructure is composed of multiple cell sites connected to a CO through a hy- brid Space Division Multiplexing and Wavelength Division Multiplexing (SDM/WDM) Optical Distribution Network (ODN), enhanced with PoF to feed cell sites using MCFs or bundles of singlecore fibers. The CO has a pool of BBUs (Base Band Units) connected to an array of analog/digital RoF transceivers, an optical switch connecting the transceivers to an array of Spectrum Selective Switches (SSS) for spectral multiplexing. Each SSS connects to one port of the spatial multiplexer/demultiplexer, fan-in (FI)/fan-out (FO). The CO also has a pool of HPLDs connected to the spatial multiplexer through another optical switch that selects the core where the power is transmitted. At the cell site, a spatial mux/demux separates the wavelengths for the tranceivers and the PoF employed to feed the RRH or to charge a local battery together with energy harvesting devices. Fig. 2 provides further detail of the architecture. The PoF laser pool is located at the MBS and the ODN is a MCF 1 where a core carries both data and power wavelengths.
Power over Fiber in Fronthaul
PoF technology providing electric power supply through HPLD, Photo-voltaic Power Converters (PV) and optical fibers has a good affinity to RoF technology in scenarios with low power consumption requirements. The concept of Analog RoF with MCF and PoF was first reported in 1 , providing a total power at RRH of 80mW using 4 out of 7 cores, but with no specific distance requirements and working at the same wavelength for HPLD and data signals. Using different wavelengths gives greater flexibility enabling the sharing of cores for power and data.
Any PoF system requires wavelength matching between HPLD, PV efficiency and optical fiber attenuation. Typically, for silica fibers and link lengths below 1 Km, PV efficiency is the dominant factor whereas for longer distances, optical fiber attenuation is dominant and 1480nm provides better overall efficiencies 2, 3 . Other design aspects are the temperature influence on HPLD and PV performance, efficiency of optical coupling, maximum power allowed by optical fiber and passive devices, the required electronics, heatsink, and electrical output power. Conversion efficiencies of 34% at 1480nm, MCF with losses of 0.2dB/km and 100 μm 2 effective area, and low loss fan-in/fan-out devices are reported 4 , providing optical to electrical conversion factors of 32% at 1 km, from HPLD to PV at RRH.
PoF pooling and phantom cells
We find the primary application of PoF pooling in the so-called phantom cell architecture 5 , which overlays traditional MBSs with low-power, low-cost and high-bandwidth access nodes called femtocells, which may be turned on or off at any time. Each femtocell is a mere transceiver, controlled by a centralized entity. Any mobile device entering a femtocell's influence zone performs the synchronization tasks with the closest MBS. Then, the MBS decides whether or not to turn on the femtocell depending not only on coverage but also on the energy availability. If the femtocell is unavailable, the mobile device uses the lower rate MBS connection. Fig. 3 illustrates an example of a 2-tier heterogeneous phantom network composed of 3 MBSs (P1, P2 and P3) and 20 femtocells (P4-P23). Blue crosses represent mobile devices and straight lines denote the device's association relationships. If femtocells require 0.7W each 1 , a pool of 20 HPLD of 2.2W at the MBS should be required. A set of 3 MCF with 7 cores, and 100 μm 2 effective area can be used, with less than 2.5W/core to avoid either fiber-fused or Raman effects. Additionally, 3300 mAh batteries allow for 14h continuous operation at 0.7W before recharging. If the number of required femtocells is greater than the amount of HPLDs the SDN controller will configure the MxN switch (see Fig. 2 ) to feed the most convenient subset. At the RRH, the PoF system includes an uplink and battery status monitor as implemented in 2 .
SDN architecture to control the SDM/WDMbased 5G fronthaul featuring integrated PoF
The target Software Defined Networking (SDN) controller developed for the fronthaul integrates the control of optical spatial multiplexing (core, modes), and WDM in combination with analogue/digital RoF transceivers 7 . It enables to exploit both dimensions and to provide spectral and spatial optical channels by selecting the appropriate wavelength and core from the CO to the RRHs. The proposed solution relies on deploying SDN node agents at the cell sites (CS) and another one at the CO. The agent's purpose is to map high-level commands coming from the SDN controller into low-level, hardware-dependent operations using the proprietary protocols. This involves defining a configuration and monitoring data model for the RoF transceivers, and the optical SDM/WDM aggregation elements, and agreeing on a protocol, with the corresponding message formats and encodings. We consider the NETCONF protocol standardized by the IETF for network control and management. It relies on YANG as the modeling language to define the configurable parameters and state information. A first SDN-enabled sliceable SDM-WDM transceiver controlled with YANG/NETCONF has been experimentally validated 8 over a 11-km 6-mode 19-core fiber. In this paper, we extend the transport SDN controller to integrate the PoF system. Particularly, the PoF system encompasses a list of powerchannel and a list of cell-site-features (associated to the each power-channel). The configurable data for a power-channel are: power-channelid, transmission-window, transmitted-power, and core-id, and the monitored parameter is the received-power. Regarding the cell-site-features: battery-level and power-consumption are monitored, and sleep-awake states are configured.
Simulation Scenario and Results
The coverage map shown in Fig 3 is 5x2.2W HPLDs and knowing that we need one fiber core per 0.7 W femtocell due to attenuation and PV efficiency, we can feed 5 femtocells simultaneously using fiber cores. Each femtocell's battery can be recharged wisely with the unused power budget during idle periods. We propose the following operation scheme: a device entering the coverage region of a femtocell is served in the femtocell if (1) there is one idle HPLD or (2) the femtocell battery is ready to be used. Otherwise, the device is served by the closest MBS. A custom temporal simulation has been implemented for this scenario using MATLAB. Users are deployed on the map and move according to a random waypoint mobility model. The total system throughput for a 24h continuous user request operation is shown in Figure 4 . The pro- posed approach outperforms the other two reference approaches, i.e., the same system with no batteries (red dashed line) and only MBS operation (green circles line). Throughput in the battery approach progressively converges to the no-battery approach when these start to run out of energy after 15h. This means that the SDNenabled PoF pooling system is able to extend the theoretical 14h-operation time of the 3300 mAh batteries beyond 24h, since they have the chance to be fully re-charged during idle periods and during the night.
